T he exponential growth in the number of monitoring devices within the operating room and intensive care unit has amplified the clinician's cognitive load. Routine inclusion of monitoring variables such as electrocardiogram, invasive arterial blood pressure monitoring, pulse oximetry, gas analysis, cardiac output monitoring, and electroencephalogram recordings make it difficult for the clinician to simultaneously appreciate each variable over an extended period of time.
The presence of an abnormal clinical condition is signaled in one of two ways: by a primitive alarm system automatically triggered when a single variable fluctuates beyond its preset threshold or by the anesthesiologist visually tracking changes to a signal pattern over time. Known clinical interventions and artifacts resulting from diathermy interference or movement exacerbate the complexity of this situation to the extent that more than 90% of alarms currently generated in the clinical environment can be dismissed as insignificant, with one third triggered by artifacts (1) . Responsiveness to auditory alarms diminishes with increased exposure to false alarms and with escalating noise pollution of the operating room and intensive care unit. However, if clinicians switch to an increased reliance on visual cues, through an enhanced inspection of the monitor, they risk compromising their careful clinical observation of the patient.
Tactile displays stimulate the skin's sensory receptors to give the illusion of direct contact with an object (2) , and are ideally suited to enhance situational awareness, such as in a haptic navigation guidance system (3). Suitable applications for these devices arise whenever environmental or social factors make the use of visual or auditory communication impractical, or when continuous observation of, or the repeated switching of attention to, a visual display might be unsafe. This is precisely the situation found in the clinical environment of the operating room. Such a modality of communication does not detract from other forms of social or patient interaction nor does it disturb other individuals in the environment. As the largest sensory organ in the body, the skin forms an approximate surface area of 1.8 m 2 of mechanoreceptors (4) , and responds to a number of physical properties including vibration, pressure, and temperature with a high degree of precision and discrimination.
Vibration is an ideal stimulus for the development of a tactile display as it can be easily delivered by lowpower, tiny, and lightweight vibrating motors. Integration of wearable vibro-tactile displays with the human body that have previously been described include: a feedback glove called CyberTouch™ (5), a shoulder-pad insert (6), a tactile vest, and a conceptual earpiece tactile display called The Sprout (7) .
The aim of this study was to develop and test an unobtrusive and lightweight vibro-tactile display to be worn on the forearm in a simulated operating room environment. The intention was to harness a largely underutilized sensory organ, the skin, to convey physiological information to attending clinicians. This "touch on the arm" could provide subtle cues, rather than outright alarms, to indicate monitoring changes and should improve communication between the monitoring system and the clinician.
Methods
The basic test device is a vibrating motor or vibrotactor. It has low power consumption (ϳ100 mW) and is lightweight (0.59 g) (8) . The motor vibrates perpendicularly to the skin surface at a frequency of 162 Hz, close to the threshold of the skin's Pacinian mechanoreceptors (200 Hz) (9) . Each vibro-tactor is powered by a current amplifier and mounted onto a metallic contactor with a base area of 1.6 cm 2 to prevent interference with the motor's rotation.
Two vibro-tactors were applied to the volar surface of the forearm: at the wrist and near the inner elbow, respectively, with a 12-cm separation ( Figs. 1 and 2 ). Vibro-tactor locations were sited using results from perception and psychophysical experiments conducted by Cholewiak and Colins (10) . Each vibrotactor was mounted using an adjustable elastic strap, and a commercially available interface board, the Phidget Interface kit (11) , was used to provide computerized control of the motors.
The alarm stimulus scheme is the pattern of vibrations used to represent a change in a physiological signal, in this instance, heart rate, for communication to users via the vibro-tactile display. There were 6 types of alarm; 3 levels that correspond to 10% (Level I), 20% (Level II), and 30% (Level III) change in heart rate over the previous 5 s; with each category further differentiated to distinguish between increasing and decreasing heart rates ( Fig. 3) . A long initial pulse (600 ms) at the wrist indicated a decreasing alarm while a long initial vibration near the elbow indicated an increasing alarm. The number of subsequent short pulses (200 ms each) at the other vibro-tactor locations indicated the alarm level. The time separation between pulses for a level III alarm was shorter than level II to emphasize the urgency of the alarm. We decided to implement the alarm scheme with two vibro-tactors instead of three after analyzing the results of a pilot study (12) .
The practicality of the vibro-tactile device was evaluated using the following criteria:
Training-the ease with which subjects could learn and remember different alarm patterns Identification rate-the number of events detected Accuracy-the number of alarm patterns correctly classified under test conditions
Response time-the time taken from the end of the alarm sequence to correctly identify an alarm scheme Comfort and satisfaction-subjects' perceptions of the wearability and usefulness of the device
The vibro-tactile display was compared with an auditory alarm similar to that routinely used in current clinical practice, and the two modalities were combined into a third modality to investigate the effect of a dual vibro-tactile and auditory alarm. With IRB approval, 10 engineering students with no anesthesia training were recruited for the study. The three tests had identical formats and were performed in a random order.
Participants familiarized themselves with the display until they felt able to confidently recognize the six stimulation patterns. This was followed by a test composed of 24 randomly generated alarm patterns. Training was considered adequate when each subject attained an accuracy of 80%.
Alarms were generated using real, clinical heart rate data converted into the alarm schemes described previously. The data were manually edited to ensure 30 events at different time intervals during each 30-min test. A sound recording taken from an operating room (OR) during a real surgical procedure was used to generate appropriate levels of background noise. Four speakers, placed approximately 2 m from the participant, produced a peak sound level of 68 dB, as previously measured in the OR environment. Participants were allowed to read and talk during the test. At the end of the study, participants were required to fill in a questionnaire to survey user satisfaction with the vibro-tactile display and associated alarm schemes.
An audio alarm scheme was used as the benchmark for comparison with the vibro-tactile display because this is the modality most frequently used in the operating room. The training and testing formats were identical to those previously described except that the auditory alarm scheme's pulse and burst characteristics were produced using the International Organization for Standardization 9703 guidelines for anesthesia and respiratory care alarm signals (13) . In addition, the pitch of each sequence's final tone was used to distinguish between increasing and decreasing alerts, and the number of pulses and rhythm to indicate alarm level. Figure 4 shows time diagrams for increasing alarms. To avoid excessive sound over the protracted period of the test, the amplitude of the alarm was adjusted between 50 dB and 58 dB according to each participant's ability to differentiate alerts from background noise. The training and testing formats of the dual stimulus evaluation were identical to that of the single vibro-tactile alarm and single auditory alarm tests except that both modalities were triggered simultaneously for each event.
A software interface was developed to collect data from participants. Each subject selected and depressed one of six buttons (one for each level and direction) when an alarm event was detected. Response times were determined as the lag between the end of the alarm sequence and the participant pressing a button. A negative response time indicates the participant pressed the button before the sequence completed. The performance of each alarm modality was characterized by identification rate (number of identified alarms) and accuracy (number of alarms classified correctly). The median percentage and range for each modality were then calculated. The results were compared using repeated measures analysis of variance or the Kruskal-Wallis test with subsequent pairwise comparisons depending on the distribution of the data. A P value Ͻ 0.05 was considered significantly different.
The questionnaire consisted of two sections: a set of questions with rankings and several short, openresponse questions. Participants' preferences to the three modalities were evaluated, as well as their reasons for feeling comfortable or uncomfortable when using each scheme. In the short question section, we also evaluated participants' likes and dislikes regarding the three modalities.
Results
The identification rate, accuracy, response times, number of training alarms required by each participant, and modality preferences are shown in Table 1 . The identification rate and accuracy at different alarm levels for the different modalities are also shown. From the results, it can be seen that the overall performance of the vibro-tactile alarm was significantly better than that of the auditory alarm in identification rate whether used alone (P ϭ 0.004) or combined with an auditory alarm (P Ͻ 0.001). The combined vibro-tactile and auditory alarm was better than the auditory alarm alone in terms of identification rate but not in accuracy.
There was no significant difference among the different modalities in terms of the time taken to respond to an alarm condition. There was no difference in the number of training alarms required to learn the stimulus scheme among the three modalities.
The majority of participants felt that the vibro-tactile signal could attract their attention more readily than the auditory alarm when used at the same time (Fig.  5) . Seven of 10 subjects indicated a preference for the vibro-tactile alarm when choosing between the two single modality systems.
The most common reason given for a preference for the vibro-tactile alarm was its ability to attract attention, with 6 of 10 participants indicating that this alert communicated effectively in a noisy environment. Other reasons cited were the device's light weight (two participants), comfort (one participant), and ease with which its scheme could be learned (one participant). However, nine subjects indicated some discomfort with the vibro-tactile alarm citing arm numbness resulting from the tightness of elastic strips, itchiness caused by the vinyl sheet connecting the vibro-tactors, and a restriction of arm motion from the non-wireless vibro-tactile prototype.
With regard to the auditory alarm, six subjects commented upon its poor ability to attract attention. Reasons cited by others who favored this modality included: the ease with which its scheme could be learned (two participants) the ease with which alarm patterns could be interpreted (two participants), and comfort (three participants).
Six participants liked the combined vibro-tactile and auditory alarm and felt that the two modalities reinforced each other. However, three subjects regarded the competing alarm patterns as redundant and uncomfortable. Four participants had difficulty in interpreting alarm patterns. Values are median (range) or mean (sd).
Discussion
In this study, the potential for reducing noise levels in the OR using a silent alarm system was examined. A vibro-tactile alarm display was able to alert the participant more effectively when compared with an auditory alarm system. It was also observed that combining the vibro-tactile and audio alarm schemes resulted in a reduced performance compared with the vibro-tactile alarm used alone with regard to the accuracy of identification. The vibro-tactile pattern and auditory alarm scheme were carefully designed to make communication intuitive and efficient. Vibro-tactile alarms can prompt early attention to potential problems and prevent the development of more serious adverse events. The vibro-tactile alarm is more capable of attracting attention than an auditory alarm, according to participant feedback, with a higher degree of accuracy measured during simulated testing. This is especially true for level 1 alarms. More importantly, most subjects felt that the vibro-tactile alarm was more reliable than the auditory alarm during the combined alarm test. This again suggests that auditory alarms were easily masked by background noise, conversation, and general inattention. In addition, many devices in the operating room produce alarms that may prevent the identification of a significant alarm from the monitoring system.
It was expected that a combined vibro-tactile and auditory alarm would be at least as good as either of the alarms alone; however, this was not the case. Even though there was no significant difference between the accuracy of the vibro-tactile alarm and the combined alarm, there was an obvious trend indicating that the combined alarm had reduced accuracy. It seemed that the combined alarm greatly increased the cognitive load of the subjects, leading to the reduced precision. This seemed to be especially evident in some cases, indicated by the wide range in accuracy. The combined alarm did have a faster response time than the vibro-tactile alarm, indicating that there may be a trade-off between accuracy and response time.
A repeated auditory signal to indicate each heart beat and modulated for saturation is routinely used for monitoring in the operating room. Clinicians can perceive fluctuations of three to four beats per minute from auditory signals (14) . In a pilot study, a similar continuous indication of heart rate was provided using a vibro-tactile display. The ability to detect small changes in the heart rate seen with auditory signals was not replicated with tactile stimulation (12) . As a result we chose to compare the auditory and tactile stimulation pattern described.
The number of vibro-tactors used was carefully considered. In the pilot testing scheme, three tactors were used to convey information using directional stimulation to indicate an increasing or decreasing alarm.
Although an average accuracy of 97% was achieved, some participants felt that the presentation of alarm levels was unnatural and complicated (12) . Therefore, the stimulus scheme was revised to use just two vibrotactile tactors for each alarm sequence. Schemes that used only one tactor at a time were deliberately avoided because they would introduce the risk of complete alarm failure if a single tactor were to fail.
There is great potential for significantly improving the current prototype. Participants found that the cable connected to the vibro-tactile display restricted their movement. Therefore, a wireless model would be preferred when testing the efficiency of the vibrotactile alarm in a clinical setting. Most subjects felt uncomfortable with the vibro-tactile display because of the wearable components of the device. Consequently, redesign of the wearable component will greatly improve this aspect of user satisfaction.
Participants were allowed to read and talk during user testing. Although the nature of the primary task was different from the routine work of anesthesiologists, our clinical advisor agreed that the cognitive load inherent within these arbitrary tasks was comparable to that experienced during a surgical procedure. However, the artificial nature of the test scenario may well have affected the results, as participants were aware that the primary task was to test a device and not care for a patient, as would have been the case in a clinical setting. Further testing in a clinical environment is therefore warranted.
We evaluated the vibro-tactile display prototype by comparing identification rate, accuracy, response time, ease of learning, and participant feedback with auditory signals and the combined vibro-tactile and auditory alarm. Compared with the auditory alarm, the vibro-tactile display attracted attention well with an infrequent misinterpretation rate in a simulated clinical environment. A combined vibro-tactile and auditory alarm had reduced accuracy when compared with the vibro-tactile alarm alone. Although the current prototype design caused discomfort for participants, this was mainly attributable to the wearable components of the device. Further improvements to the wearable parts of the device and development of a wireless module will be required for future testing in the operating room.
